Abstract: The intramolecular carbene C-H insertion of α-diazo-α-(methoxycarbonyl)acetamides leading to β-lactams is effectively catalyzed by palladium complexes. It is found that whereas Pd(0)-catalysts typically produce mixtures of β-lactams together with Buchner-type reaction products, the use of Pd(II)-catalysts results in highly chemoselective transformations. According to DFT calculations, this insertion reaction occurs stepwise and involves an unprecedented Pd(II)-promoted Mannich-type reaction through a metallacarbene-induced zwitterionic intermediate.
Introduction
The transition metal-catalyzed intramolecular carbene C-H insertion by decomposition of diazo compounds is a wellestablished powerful carbon-carbon bond-forming methodology for the construction of carbocyclic and heterocyclic frameworks. [1] Many transition metal complexes have been used as effective catalysts to generate reactive metallacarbenes starting from diazo derivatives.
[2] Among them, rhodium(II), [3] copper(I), [4] and more recently ruthenium(II) catalyst [5] have proven especially useful for the development of highly selective carbene C-H insertion methodologies via a variety of reaction modes.
Surprisingly, palladium, though one of the most commonly employed metals in homogeneous catalysis, has been scarcely applied to promote carbene C-H insertion processes. [6] In this context, we recently reported that palladium catalysts are able to promote Csp 3 -H insertion of carbenes derived from α-diazoesters to form pyrrolidines through intramolecular Csp 3 -Csp 3 bond formation. [7] We also explored the palladiumcatalyzed carbene C-H insertion of α-diazo-α-(methoxycarbonyl)acetanilides. We found that when using palladium catalysts the C-H insertion of such amides occurs selectively into the arylic Csp 2 -H to give the oxindole. [8] The aim of the current work was to explore the palladiumcatalyzed intramolecular carbene insertion of α-diazo-α-(methoxycarbonyl)acetamides for β-lactam elaboration. The β-lactam system has attracted considerable attention due to its ubiquitous presence in the molecular structure of natural products and biologically active compounds. [9] We studied how the selectivity of the process [10] is affected by the type of catalyst, using two oxidation states of palladium, and the substituents on the α-diazoacetamide (Scheme 1).
Scheme 1. Substituent and catalyst effects on Pd-catalyzed reactions of α-diazoacetamides

Results and Discussion
We commenced our investigation by studying the palladiumcatalyzed reactions of N,N-dibenzyl-α-diazoacetamide 1 (Table  1) . [11] Treatment of 1 with Pd2(dba)3 in 1,2-dichloroethane at reflux for 24 h resulted in 76% conversion to give a 1:1 mixture of cycloheptapyrrolone 2 and β-lactam trans-3, together with some β-lactam cis-3 and the recovery of significant amounts of unreacted starting material (Table 1 , entry 1). When the reaction was performed in the absence of the palladium catalyst, ca. 40% of conversion was observed, giving a 1:0.1:1 mixture of 2, cis-3 and trans-3, together with the unreacted material ( Table 1 , entry 2). The complete consumption of the starting material was achieved when reactions were run in refluxing toluene (Table 1 , entries 3-4).
On the other hand, the [(IMes)Pd(NQ)]2-catalyzed decomposition of 1 in DCE at reflux gave cycloheptapyrrolone 2 as the major product (55%), together with small amounts of β-lactams cis-3 and trans-3 (Table 1 , entry 5). The complete consumption of the starting material and the notably different selectivity of the latter reaction compared to the thermal process in DCE (Table 1 , entry 2) clearly supports the role of [(IMes)Pd(NQ)]2 as a catalyst in the decomposition of α-diazoacetamide 1. Table 1 . Pd-catalyzed cyclisation reactions of α-diazoamide 1 [a] entry catalyst (mol%) solvent 1 H NMR ratio [b] yield [%] [c] 2/cis-3/trans-3 (1:1.2:1) 2 (15), trans-3 (24) [d]
[a] Reaction conditions: Catalyst (see table) The competition between Csp 3 -H insertion leading to β-lactams and intramolecular aromatic cycloaddition to give the corresponding cycloheptapyrrolone is also common in reactions of α-diazoacetamides catalyzed by Rh(II) [11a] and Ru(II)-catalysts. [11b,12] According to previous mechanistic studies on related Rh(II)-catalyzed transformations, the competitive formation of β-lactams and aromatic ring reaction products is probably due to the stereoelectronic competition between the two conformational isomers of the metallacarbene undergoing the intramolecular reactions. [13] A strategy to improve siteselectivity in the transition metal-catalyzed carbene reactions of α-diazoacetamides involves replacing one of the N-substituents at the amide moiety with a bulky group, [14] which sterically biases the conformational preference around the amide N-C(O) bond and makes the metallacarbene reaction at the remaining substituent more feasible.
In search of higher site-selectivity in the palladiumcatalyzed insertion leading to β-lactams, we decided to replace one of the benzyl groups in 1 with a tert-butyl substituent. Table  2 shows the results of the palladium-catalyzed reactions with Nbenzyl-Nt butyl-α-diazoacetamide 4a. [15] When α-diazoamide 4a was decomposed in the presence of Pd2(dba)3 (Table 2 , entry 1), cycloheptapyrrolone 5a (20%) was isolated together with β-lactams cis-6a (9%) and trans-6a (42%) [16] On changing the catalyst to [(IMes)Pd(NQ)]2, a slight increase in the formation of the Buchner product was observed (Table 2 , entry 2). To our delight, the more electrophilic [Pd(allyl)Cl]2 or (SIPr)Pd(allyl)Cl catalysts exclusively promoted the Csp 3 -H insertion to give the β-lactams, which were isolated in good overall yields (Table 2 , entries 3-4). Table 2 . Pd-catalyzed cyclisation reactions of α-diazoamide 4a [a] entry catalyst (mol%) 5a/cis-6a/trans6a [b] , [c] products (%) H NMR ratio.
[c] All reactions were performed twice. While the 5a/6a ratio was essentially the same in the two runs, the cis/trans ratio was quite different due to the partial isomerization of cis β-lactam to the more stable trans isomer during the workup.
[d] Isolated yields.
The palladium-catalyzed carbene insertion was also explored from α-diazoamide 7, which bears the α-methylbenzyl substituent at the nitrogen (Table 3) . Similarly to the reactions of N-benzylamide 4a, when Pd(0)-catalysts were used to promote the decomposition of 7 a significant amount of the Buchner product 8 was obtained (Table 3 , entries 1 and 2). Table 3 . Pd-catalyzed cyclisation reactions of α-diazoamide 7 [a] entry catalyst (mol%) 8/9/10 [b] products (%) The studies with α-diazoacetamides 4a and 7 gave us two experimental procedures for the insertion reaction based on the use of either [Pd(allyl)Cl]2 (Method A) or (SIPr)Pd(allyl)Cl (Method B) as the catalyst. To explore how the introduction of substituents at the benzylic group might influence the insertion process leading to β-lactams, these catalytic systems were studied with α-diazoacetamides 4b-m (Scheme 2, see Table S1 in the SI for additional details).
Scheme 2. Synthesis of β-lactams by Pd(II)-catalyzed cyclisation of α-diazoamides.
[a] Method A: [Pd(allyl)Cl]2 or Method B: (SIPr)Pd(allyl)Cl. [b] (Method, Isolated yield (%), cis/trans ratio after chromatography).
The effect of the substituent varied according to its electronic nature as well as its position on the aromatic ring. The introduction of electron-releasing groups at the benzyl substituent led to an increased formation of the cycloheptapyrrolone product, especially when using (SIPr)Pd(allyl)Cl as the catalyst. The increase was lower when the substituent was located at the ortho-position, probably due to steric interactions. In contrast, electron-withdrawing groups generally diverted the palladacarbene away from the Buchner reaction in favor of the Csp 3 -H insertion. Similar electronic effects have been observed in related Rh(II)-catalyzed transformations.
[11a] The examples in Tables 2 and 3 , and Scheme 2 confirm the generality and functional group tolerance of this novel Pd(II)-catalyzed insertion. The resulting β-lactams were obtained in moderate to good overall yields (44-90%), usually as mixtures of cis and trans isomers, in transformations proceeding with high site-selectivity. As an exception, the Pd(II)-catalyzed decomposition of 4f gave trans-6f in poor yield together with major amounts of 4-(dimethylamino)benzaldehyde. It is worth noting that no product from the potentially competitive Pdcatalyzed cross-coupling of the aryl halide with the α-diazoamide moiety was observed in the reactions of 4k and 4l, which bear an ortho-bromo and ortho-iodo substituent, respectively.
The above results also confirm the significant impact of the electronic nature of the palladium catalyst and ensuing electrophilicity of the carbene intermediate in the reaction pathway. Thus, whereas benzylic Csp 3 -H insertion is strongly favored over the Buchner reaction when using Pd(II)-catalysts, an increased cycloheptapyrrolone product formation is usually observed with the more electron-rich Pd(0)-catalysts. Interestingly, Rh(II)-catalyzed transformations show opposite reactivity trends, in which highly electrophilic Rh(II)-complexes favor Buchner reactions over benzylic Csp 3 -H insertion. [10] Our previous work has shown that the mechanism involved in palladium-catalyzed insertion reactions [7, 8] differs considerably from that accepted for Rh(II)-catalyzed transformations. Whereas Rh(II)-catalysts typically proceed in a concerted process that directly releases the insertion product and metal catalyst in a single step, [17] palladium catalysts involve stepwise reaction mechanisms initiated by a metal-mediated hydrogen migration. To shed light on the reaction mechanism and the influence of the Pd(II)-catalyst on the selectivity of the C-H insertion described herein, density functional theory (DFT) calculations were carried out. [18] To this end, the process involving 4a in the presence of the [Pd(allyl)Cl]2 catalyst (see Table 2 , entry 3) was explored.
The data in Figure 1 , which gathers the computed reaction profile starting from the initial Pd(II)-carbene intermediate INT0, indicate that the formation of the corresponding β-lactams 6a occurs stepwise. Thus, INT0 is first transformed into the zwitterionic intermediate INT1 [19] in a highly exergonic process via the transition state TS1. This step can be viewed as a 1,4-hydrogen migration that is not directly assisted by the metal, therefore resembling the mechanism involved in related Ru(II)-C-H activation processes previously studied by us.
[7b] The transformation ends with the formation of the new C-C bond via the transition state TS2, again in a strongly exergonic transformation that releases the β-lactam with concomitant regeneration of the active Pd(II)-catalyst. According to the rather similar relative energies computed for the cis/trans transition states TS1 and TS2, a ca. 50:50 mixture of cis-6a and trans-6a can be expected, which is fully consistent with the experimental findings ( Table 2 , entry 3).
Finally, we also investigated the reasons for the nonformation of cycloheptapyrrolone 5a when using these reaction conditions (i.e. 4a in the presence of [Pd(allyl)Cl]2). Our calculations suggest that the first step of the alternative Buchner reaction, which involves a palladium-promoted C-C bond formation, is not competitive in view of the much higher activation barrier required to reach the corresponding transition state TS1' as compared to TS1-trans (∆∆G ≠ = 8.5 kcal/mol) as well as the endergonicity (∆∆G = +6.0 kcal/mol) associated with this step. Therefore, no Buchner reaction product should be expected, which agrees nicely with the complete selectivity observed experimentally (Table 2, entry 3) .
Conclusions
In summary, we have shown that palladium can be used to promote the carbene Csp 3 -H insertion of α-diazoacetamides to form β-lactams, Pd(II)-catalysts giving the best chemoselectivities. DFT calculations suggest that this transformation involves an unprecedented Pd(II)-promoted Mannich-type reaction through a metallacarbene-induced zwitterionic intermediate.
Experimental Section
General Methods. All commercially available reagents were used without further purification. C NMR. TLC was carried out on SiO2 (silica gel 60 F254, Merck), and the spots were located with UV light or 1% aqueous KMnO4. Flash chromatography was carried out on SiO2 (silica gel 60, SDS, 230-400 mesh ASTM). Drying of organic extracts during workup of reactions was performed over anhydrous Na2SO4. Evaporation of solvents was accomplished with a rotatory evaporator.
Representative Procedure for the Preparation of Diazoacetamides 1, 4a-m and 7.
To a solution of dibenzylamine (0.6 mL, 3.04 mmol) and Et3N (0.86 mL, 6.1 mmol) in CH2Cl2 (18 mL), cooled at 0 °C, was added slowly methyl malonyl chloride (0.67 mL, 6.1 mmol). The mixture was stirred at room temperature for 24 h. After the reaction was completed, the mixture was poured into water and extracted with CH2Cl2. The organic extracts were washed with saturated NaHCO3 aqueous solution, dried, filtered and concentrated. The residue was purified by chromatography (SiO2, from hexanes to hexanes/EtOAc 3:2) to give
To a solution of N,N-dibenzyl-α-(methoxycarbonyl)acetamide (678 mg, 2.28 mmol) and DBU (0.52 mL, 3.43 mmol) in dry acetonitrile (16 mL) was added dropwise a solution of p-ABSA (602 mg, 2.5 mmol) in dry acetonitrile (6 mL). The mixture was stirred at room temperature overnight. The solvent was removed in vacuo and the resulting residue was partitioned between CH2Cl2 and 10% NaOH aqueous solution. The organic extracts were dried, filtered and concentrated. 
Representative Procedure for the Pd-Catalyzed Cyclisation Reactions (Table 2, Entry 3).
A mixture of diazoamide 4a (50 mg, 0.17 mmol), [Pd(allyl)Cl]2 (3 mg, 0.008 mmol) in dichloroethane (10 mL) was stirred at reflux under Argon atmosphere for 24 h. The solvent was removed in vacuo, and the residue was purified by chromatography (SiO2, from hexanes to hexanes-EtOAc 2:3) to give β-lactam trans-6a (29.5 mg, 65%) and β-lactam cis-6a (11 mg, 25%). 
Methyl
2-benzyl-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (2). 25 mg (55%,
Methyl cis-1-benzyl-2-oxo-4-phenylazetidine-3-carboxylate (cis-3).
This compound could not be isolated and characterized. , Table S1 , Entry 1). Amorphous yellow solid. , Table S1 , Entry 9). Orange oil. carboxylate (trans-6g) . 16 .5 mg (36%, Table S1, Entry 11). Brown gum. 
Methyl
trans-1-tert-butyl-4-(4-methoxyphenyl)-2-oxoazetidine-3-carboxylate (trans-6b). 18 mg (39%
Methyl
2-tert-butyl-6-(methylthio)-3-oxo-1H-2,3-dihydrocyclohepta[c]pyrrole-3a-carboxylate (5c).
Methyl
trans-1-tert-butyl-4-[4-(dimethylamino)phenyl]-2-oxoazetidine-3-carboxylate (trans-6f). 6 mg (14%
Methyl
trans-1-tert-butyl-4-(3-chlorophenyl)-2-oxoazetidine-3-
Methyl
cis-1-tert-butyl-4-(3-cyanophenyl)-2-oxoazetidine-3-carboxylate (cis-6h). 10 mg (22%, Table S1, Entry 13). Colourless oil. 
cis-1-tert-butyl-4-(3,4-dimethoxyphenyl)-2-oxoazetidine-3-carboxylate (cis-6m). 3 mg (6%, Table S1, Entry 24). Yellow gum. -1-tert-butyl-4-(3,4-dimethoxyphenyl)-2-oxoazetidine-3-carboxylate (trans-6m) . 17.5 mg (38%, Table S1, Entry 24). Amorphous yellow solid. Computational Details. All the calculations reported in this paper were performed with the Gaussian 09 suite of programs. [20] Electron correlation was partially taken into account using the hybrid functional usually denoted as B3LYP [21] in conjunction with the D3 dispersion correction suggested by Grimme et al. [22] using the double-ζ quality plus polarization def2-SVP [23] basis set for all atoms. Reactants and products were characterized by frequency calculations, [24] and have positive definite Hessian matrices. Transition structures (TS's) show only one negative eigenvalue in their diagonalized force constant matrices, and their associated eigenvectors were confirmed to correspond to the motion along the reaction coordinate under consideration using the Intrinsic
